1. INTRODUCTION SOME fourteen linkage groups are now available in the house mouse, Mus musculus. In some of thcse, as many as seven or eight factors have been located. In many groups, the order of the various loci has been reliably ascertained, and some of the recombination fractions for adjacent loci have been accurately established. However, the chromosomes have not yet been mapped in a thorough and detailed manner : there is much to be done before it is possible to specify the frequencies of the modes of gamete formation of multiply-heterozygous animals-that is, before chromosome maps can be used to predict the outcome of experimental programmes involving many linked loci, such as will no doubt be essential to the fields of applied genetics of the future.
The obstacles retarding progress towards this end appear to be two-fold. Firstly, knowledge about the phenomenon of interference is still elementary. Some preliminary experimental work has been reported, and much theoretical work has been done-in fact, theory is greatly in advance of observation. Little progress appears possible until further data are at hand.
Secondly, experimental material, in its turn, has often been neither sufficiently comprehensive nor sufficiently accurate to allow quantitative rather than merely qualitative conclusions concerning interference to be drawn from it. Such inaccuracy is usually found to be due to one or all of the following causes : poor design, inadequate practical execution, and imperfect analysis of results.
The experiment now to be reported is not free from imperfections, nor does it present any basically new techniques or ideas. It is an attempt to make practical use of relevant theory in design, construction and analysis, and in so doing to make a small but reliable contribution to the study of interference.
It is in the i 923 paper that a reason for the paucity of good multi-point data becomes apparent. It is there stated that not only does "the combination of the data from these four crosses give a neutralisation of the effect of inviability," but "this method has the further great advantage that since the sources and relations of the chromosomes are varied, cross-over variations are also neutralised or revealed ". The mistaken idea that all possible causes of heterogeneity are cancelled out by balance probably led indirectly to the abandonment of this method: for a workman who expects too much of his tool discards it when it does not fulfil his expectations. Certainly, a scrutiny of the published Drosophila three-points reveals a degree of heterogeneity which renders impossible an accurate interpretation of the operation of interference. In some cases there is heterogeneity of output between heterozygous types, in others between matings of the same type; and the source of heterogeneity is sometimes found to be due to (possibly real) fluctuation in recombination values, and sometimes cannot be traced at all, due to inadequate presentation of the data.
Perhaps the most surprising historical feaure is that the balanced design has not been used extensively elsewhere. In the house mouse, in particular, it should be expected to be of great practical value ; for neither of the main causes of fluctuation in the recombination value in Drosophila, namely age and temperature Variation, have been established sufficiently strongly in mice to arouse the suspicion that " balanced " experiments may be heterogeneous without standardised temperature and age factors. Moreover, it should be comparatively easy to standardise these factors, if it should become necessary. Certainly the first balanced three-point in mice, reported by Wright (M. E. Wallace) in 1947, is remarkably homogeneous.
One may surmise that a further reason why balance was not generally envisaged in the planning of multi-point experiments is that the conditions for perfect balance were not generally realised-and were not understood even by Bridges. Nowhere does he mention the mathematical process whereby " cancellation " can be effected.
This situation is strongly indicated by his insistence, even for two-point work, on equal numbers of classified progeny from each kind of heterozygote, an idea later improved by Fisher Muller (1916) -whose description of the same BALANCED LINKAGE EXPERIMENT IN THE MOUSE 225 method of balancing data is apparently independent, since he gives no reference to Bridges' earlier paper-does introduce some mathematical considerations. His main contribution to the understanding of the problem is his proposal that the best estimate of the recombination value is not obtained from the sum of the recombinants from both coupling and repulsion, but is derived from the square root of the following the products of non-recombinants of both phases divided by the products of recombinants. His treatment falls short of Fisher's in that he does not consider the members of a complementary pair of genotypes as one unit and uses only half of the data. Neither does he give a method of estimating the standard error. No one among the early Drosophilists seems to have applied
Muller's treatment to actual data. It is apparent from a glance at the early Drosophila work that the development of statistical methods had not reached a stage when it could be of much use in this problem ; and in fact, it is with admiration that one realises the acuity of judgment with which the enormous volume of work done by these pioneers was compiled and edited by them. It was not until the development of the Method of Maximum Likelihood by Fisher (1952 Fisher ( and 1921 Fisher ( , 1925 Fisher ( -1954 , that the statistical foundations for modern linkage work were laid. As an outcome of this, papers by Hutchinson (1929) and Immer (i3) are noteworthy. Fisher (I, , in giving a thorough treatment of two-point work, shows how the totals from each phase of linkage may be adjusted during the course of an experiment so as to secure the greatest precision for a given number of organisms bred. These adjustments result in equality of zygotic outputs from each phase ; this condition (rather than equality of the totals of classified progeny) allows an accurate estimation of the recombination fraction-that is, unbiassed by viability disturbance-to be made by the simple sum of the recombinants from both phases. In addition, Fisher gives an efficient formula for the estimation of the recombination fraction when the zygotic totals are unequal ; this is similar to Muller's, but uses the whole data.
The concept of balance as proposed by Fisher can be extended to multi-point data. There is no direct way such as that available for two points, by which one can calculate the numbers required to be bred from each type of heterozygote in three-point work so that the totals of zygotes produced by each are the same. Nor is there a simple formula for the recombination fraction when they are different. If, on the other hand, viability disturbance is not extreme and approximately equal numbers are bred from each type of heterozygote, a good estimate can be made by the addition method. In designing a test for linkage of six factors and sex, Fisher and Mather (i936b) listed, for up to eight factors, the minimum number of types of heterozygotes required in order to obtain both coupling and repulsion data for all pairs of factors. These ideas, which were later used by him (Fisher, 1948) in the design of Wright's three-point test and made generally available (Fisher, 5954) are inherent in Bridges' concept of balance.
The analysis of Wright's experiment, which tested the linkage of wavy2, shaker2 and sex, was made under his direction, and included methods of detecting viability disturbance, should any be present. No significant disturbance was found, hence efficient estimates of the recombination values could be made by the addition method.
A more sensitive method of disclosing disturbance and for correcting for it was then produced by Fisher (1949a) : this did not disclose significant disturbance irs these data, but the method is now available for use in future work, and has been applied to the three-point data from the experiment involving chromosome V now to be described.
A method of eliminating viability disturbance closely related to that of Fisher has been devised by A. R. G. Owen (unpublished) and its application to Drosophila data is demonstrated by P. A. Parsons Parsons' paper describes the first balanced experiment in Drosophila in which the common environmental sources of heterogeneity inherent in this species, which P2 226 M. E. WALLACE are not due to viability disturbance, are eliminated by tlie design of the experiment. With viability disturbance also eliminated during the analysis of the results, he is thus able to draw reliable conclusions both about linkage relations and about certain unusual fluctuations within them. Besides Wright's experiment in the house mouse there has been one other series of balanced three-points with sex as one of the markers, that of Carter and Phillips (s953) . This paper, and some cytological work by Carter, Lyon and Phillips (i4) and Slizynski (i) cast doubts on the reality of the apparent linkage of wavy2 and shaker2 with sex, demonstrated by Wright. An appraisal of the present evidence on this subject will be published shortly elsewhere : certain discrepancies in Carter and Phillips' data will be discussed, and new evidence in favour of the linkage will be given.
The present experiment with mice was completed in 1952 and received preliminary publication as part of a thesis (Wallace, 19540) . As the first balanced three-point in this species which certainly concerns linked genes, it may thus be used unconditionally as a contribution towards a knowledge of interference. A balanced four-point experiment involving the same chromosome has been completed by Owen and a preliminary report (1953a) given on the results. A further balanced four-point experiment, involving linkage group XIII, is being carried out by
Fisher. This is particularly interesting since it involves polydactyly (fy), a factor which shows imperfect manifestation. The only balanced multiple linkage experiment which has, apparently, been carried out with a species other than Drosophila and mice, is that of Anderson (1921) in maize and here the interference relations are somewhat obscured by misclassification ; this the author did much to eliminate from the data but did not consider in the analysis. A balanced five-point, involving linkage group V and using the well-spaced markers Ragged (Ra), agouti (A), wellhaarig (we), fidget (fi) and Danforth's short tail (Sd), is under construction by the present writer.
CONSTRUCTION
The loci concerned in the three-point experiment now to be described are agouti, fidget and Danforth's short tail. A brief resumé of the history of linkage group V will relate these loci to the others in the group.
The loci marked by kreisler (kr), agouti (A), undulated (un), wellhaarig (we), and pallid (pa), were found by various workers during the interval 5935-49 to be on the same chromosome. Fisher (i949b) The relation between this series, and the one known earlier, namely kr-a--un-we--pa, was settled by Borger in the same year BALANCED LINKAGE EXPERIMENT IN THE MOUSE 227 (1950) , using A, pa and Sd; he gave the order Icr-A -un-we--pafl-Sd. Complementary evidence thatfi is beyond the segment A-pa and nearest topa was furnished by Carter the following year (1951) .
The shorter intervals in the segment kr-pa have been carefully mapped : Fisher (i949b) has given very full data on the interval A-un; and Fisher and Landauer (i) and Owen (1953a) have given interim reports on the four-point involving A, un, we, and pa, already mentioned. It seemed profitable to map accurately the unexplored fl-Sd region, and to investigate interference relations over a wider interval than that examined by Owen : accordingly agouti was chosen as the third locus.
A further reason for the choice of these loci was their suitability for demonstrating the advantage of attaining balanced backcross data in eliminating viability disturbance. It was essential that at least two of the mutants used could be expected to show poor viability. On the other hand, the factors chosen could not be so deleterious that one could not expect to breed from them.
Extensive work involving the agouti locus had been done in Cambridge, of which Fisher's (i949b) experiment with the A-un interval was specifically concerned with the five agouti alleles yellow (A'), light-bellied agouti (A'), dark-bellied agouti (A), tan belly (at) and non-agouti (a). These investigations showed that in general no significant inviability of any of the genotypes involving these alleles need be expected. Accordingly, no attempt was made to eliminate any of the four alleles (Ar, A,. at, a) available in the initial stocks used, although, by chance, most of the material involved at and a. In the single instance in which an Aat heterozygote (atfiSdiA) was available, in which either A or at may be regarded as dominant, A was treated as dominant and the heterozygote classed as "Sd-out ". This was a matter of convenience, these heterozygotes being in short supply at that time. The decision to breed from this mating was fortunate since the progeny threw some light on the nature of the agouti locus (Wallace, i954b ).
Fidget was first described by Gruneberg (i) . To judge by his description, it is suitable in exhibiting impaired viability, but practically impossible to breed from homozygouslv. Gruneberg's more recent work (1952) re-states his earlier view on its infertility " Some males are fairly reliable breeders ; females often fail to breed ; those that do have so far failed to rear their litters." Apparently no attempt was made to improve the performance of fidget in the intervening nine years, nor is it clear that this possibility has been realised by others working with him on this gene (Carter and Gruneberg, 1950, and Truslove, 1956) . It is common experience that when a mutation first appears, it is usually deleterious in one or more respects further, the variability of the effects of single genes is also well known, and the possibility of altering or increasing such effects by selection has been amply demonstrated. It seemed reasonable, therefore, to 228 suppose that a fixed degree of infertility and inviability of fidget was not necessarily characteristic of it. Accordingly it was introduced to several different stocks in Cambridge. The ratios then obtained confirmed the view that not only its viability and fertility, but also its expression are very variable and an attempt was made to improve its performance by selection.
Response was rapid, and a stock was maintained by homozygous and backcross matings by the time the three-point experiment was planned. Viability of fidgets in the three-point is such that, while in the whole experiment there is, as desired, a significant deficiency of fidgets, this deficiency is not too marked to make the gene impcssible to work with, and there are several matings which produced large progenies with no shortage of fidgets : three, with progenies exceeding 30, produced a slight excess. (There is, however, no heterogeneity in the overall segregation of fidgets.)
Further, the fertility of both sexes became quite reliable, though still, as a whole, inferior to that of normals. The production of 549 progeny from male triple heterozygotes, all of which were mated to female fidgets, did not lag more than a few months behind the production of an equal number (550) from female heterozygotes and their male fidget mates. Of the 28 female fidgets used, 9 produced over 30 fully classified young, two of these over 50. (The calculated average output of 196 progeny per fidget mother is unduly low since many of them were not allowed to breed for more than a few weeks once the data for their particular type of mating were almost complete.)
A further doubtful point was clarified. Gruneberg (i) had reported a relation between fidget and polydactylism which could have several explanations. This relation was shown not to be linkage, which might have complicated the three-point experiment, but rather the specific modification by fidget of the gene polydactyly (py). The work on fidget will be published in due course. That Danforth's short tail (Sd) shows lowered viability was found by Dunn, Gluecksohn-Schoenheimer and Bryson (1940) , who also established its genetic basis as a single major gene producing three distinct phenotypes. The heterozygotes have short tails of variable length, and the homozygotes are almost or completely tailless, and die shortly before or after birth. Variability of tail length and viability of both heterozygotes and homozygotes was established by Dunn et alii and by Fisher and Holt (i) ; the latter also demonstrated rapid response to selection for large and small tail length in heterozygotes, accompanied by correlated changes in viability.
Experience in the manipulation of this factor was gained while conducting a continuation of Fisher's experiment. One of the aims of this experiment was to make Sd as completely recessive as possible, and this end had been largely achieved in the production in some matings of tails as long in the heterozygote as in the normal, and in the production of two proved homozygotes which lived, one for The four types of heterozygote were mated to triple recessives afi (or a'fi where stated below) and 1099 progeny were bred ; half of these were from male heterozygotes and half from female, and they comprised about 135 from each type of heterozygote of each sex.
4. ANALYSIS
The full data are tabulated by genotypes in table i (Appendix).
(I) Viability ratios
It has been pointed out that both fi and Sd were expected, when the experiment was started, to show unequal survival of the various genotypes which are formed from them ; and that the members of the agouti series were expected to have about equal viability. A summary of the three single-factor ratios ( Sd andfi show significant losses : Sd has a survival rate approximating to 8o per cent., andJl to 72 per cent. The segregation of the agouti alleles is very insignificantly unequal.
There is clearly no significant difference between these ratios according to whether the offspring are derived from female or from male heterozygotes.
There is, however, significant heterogeneity in the ratios + : fi and Sd: within the progeny from the four types of female heterozygote, but no heterogeneity within the progeny from male heterozygotes. (x2 values for females are 9927I and I48rI5, each for 3 d.f., and for males 528I3 and 588I9, also for 3 d.f.) This suggests the possibility of a maternal effect. However, further analysis (Wallace, 1954a) does not give more than subsignificant support for this hypothesis. It merely suggests two possibilities : a difference in the performance of different heterozygous types corresponding to differences in the gene arrangement at the loci studied here, which constitutes a kind of position effect, and the confinement of these differences to the performance of female as against male heterozygotes, which in turn constitutes a kind of maternal effect.
Such possibilities, which may be explored by the analysis of the single-factor ratios and of ratios within complementary pairs, should not be overlooked. The balanced backcross provides very suitable material for this kind of investigation.
(ii) Viability disturbance Viability disturbance may be defined as imperfect viability of the complementary pairs of progeny produced by the various modes of gamete formation, which is differential as between one mode and another.
It is clear that if, in a linkage experiment, the members of a series of alleles at only one locus have unequal viability, the whole data will not in this sense be disturbed ; but if the alleles at two or more loci have unequal viability, the survival rates of the different complementary pairs will be unequal.
The single-factor ratios (table 2, appendix) and the ratios within complementary pairs (table 3, appendix) show that fi and Sd are likely to disturb linkage data in this way, although, as will become manifest, further analysis is required to prove whether they actually do so or not.
Two of the single-factor ratios, as already mentioned, demonstrate unequal viability; and, further, they exhibit heterogeneity at least in the progenies from female heterozygotes. The members of the complementary pairs also are unequally viable, the total x2 (table 3B) being 437271 for 4 d.f., probability <ooor ; and there is, again, significant heterogeneity within complementary pairs from female heterozygotes, x2 for the segregation of fiSd:
(table 3B) being 898I2 for 3 d.f., probability o•o5 to 0-02. (The a' locus is ignored in table 3B since it is shown in table 2 to have no inequalities : table 3A gives an analysis for female heterozygotes which takes account of the at segregation.) Now, recombination estimates based on balanced data are rendered less precise than they would otherwise be if there is an appreciable change in the survival rate of one or more complementary pairs as between one type of mating and another. If single-factor ratios change during the course of the experiment, or if the ratios between members of complementary pairs change, one may in general expect the survival rates of the complementary pairs themselves to change. But the latter changes need not be as large as the former owing to the averaging effect of regarding the complementary pair as one unit. Nor do they necessarily follow at all, since the depletion of one genotype may conceivably be accompanied sometimes by an improvement in the viability of its complementary. Thus, although examination of single-factor ratios and of ratios within complementary pairs has shown such changes (at least in progeny from female heterozygotes), they need not on this account be regarded as proof of disturbance.
If there is differential viability of the complementary pairs, through this or any other cause, there will be non-proportionality within the observed numbers of the complementary pairs as produced by the various modes and the various types of heterozygote. A A more discriminating test for disturbance is obtained by taking out the 3 degrees of freedom relating to the totals of each complementary pair (table 6; the observed frequencies are obtained by  addition from table 4 , and the expected from table 5). These three degrees of freedom relate to overall viability disturbance, leaving six for detecting changes in the survival rates of complementary pairs, i.e. variation in differential viability.
These x2 values are extremely low and contribute very little to the x for g d.f.
Neither of these tests, however, is specific for viability disturbance, and it may be that some of the variations in numbers of the different pairs of genotypes have been compensated in adjusting the expectations from the row and column totals. An exact and specific treatment is given by Fisher (1949a) . When applied to the present data, x2 for 3 d.f. for female heterozygotes is o23475 and for male heterozygotes 15 3 28o925. These values are only very slightly greater than those obtained in table 6.
The insignificance of these x2 values points to the conclusion that there is no significant viability disturbance in either body of data. 
The remaining values of x2 for 6 d.f. (4.4489 for progeny from female heterozygotes and 5x 760 for male) are also insignificant, and indicate that, although there are significant changes in the output of the four kinds of female heterozygote in the single-factor ratios, and in the ratios between members of pairs involving the fl and Sd loci, these changes have produced no appreciable change in the overall survival rates of the complementary pairs.
The lack of disturbance need not be regarded as rendering the balanced design unnecessary. That the inequality between the survival rates of the two complementary pairs involving fi and Sd would be insignificant was not known when the experiment was planned. Moreover, this inequality is sufficient to give estimates of the recombination value fl-Sd which differ as between coupling data and repulsion, though insignificantly so : clearly the estimate based on the combined data is more accurate than one based on either separately. Further, it could not be certain, when planning the experiment, that the almost complete equality of viability within the agouti alleles which had so far been experienced would be repeated on the genetic background on which this experiment was 234 M. E. WALLACE carried out ; nor, further, could it be certain that any slight inequality which did exist would not, when combined with the inequalities already observed within thefl and Sd pairs of alleles, produce significant heterogeneity in the survival rates of the pairs of complementaries made up by all three loci. Hence the balanced design was a necessary safeguard.
In conclusion, analysis of the data from female and from male heterozygotes, treated separately, shows that there is evidence for slight differential viability hence the high degree of balance attained is justified. The disturbance, however, is insignificant in both sexes hence the addition formula for the estimation of recombination values is sufficiently accurate. Because of the very mild degree of disturbance, the data are not ideal for a demonstration of Fisher's method of correcting for strong differential viability. The disturbance from female heterozygotes is less than that from males, despite a subsignificant maternal effect of the heterozygotes on the viability of genotypes involvingfl and Sd.
(iii) The effect of sex on recombination
That there are differences in the frequencies of the modes of gamete formation according to the sex of the heterozygous parent can most readily be seen from the x2 value obtained from the 2Xfl table above (table 7 : derived from table 4) These differences, however, are not distributed uniformly along the whole segment atSd, for the adjacent segments at-fl andfl-Sd behave dissimilarly (table 8) .
Since twice the standard error of the difference between the recombination fraction from female and from male heterozygotes does not exceed the difference in the segment at-fl, this difference is significant at the 5 per cent, level of probability. The difference in the fl-Sd segment is in the opposite direction, that is the recombination value is larger in the males here whereas it is larger in the females for at_fl but this difference, by the same criterion, is not significant.
Nevertheless, the fact that it is in the opposite direction indicates that there may be an abrupt change at about the locus offl between one segment and the other in the response to a difference of sex. Such an abrupt change has been noted twice in the mouse ; first at the locus of undulated in this same chromosome (Fisher and Landauer, 1953) arii:1 recently at the sit2 locus of linkage group VII (Michie, 1955) . Adding the data for the interval a-un given by Fisher (x949b),
and that from the balanced four-point backcross on which interim reports have so far been given Landauer, 1953, and Owen, 1953a) , we have the following table (table 9) 
224±030 ) progeny
It is not possible to discern from the present three-point whether all of the sex effect observed in the segment atfl is due to the effect noted earlier in the un-pa segment, but future data from the current Ra-a-we-fl-Sd experiment may allow of further analysis.
It is hoped that this five-point may also show significantly the tendency observed in the three-point for a higher recombination value for fl-Sd in the male. Of the three published cases in which recombination in the male is significantly higher than in the female, the most extreme is that reported for the segment bt-Ca-i'f (Mallyon, 1951) : the recombination fraction is nearly twice as great for Ca-A' in males as in females and about three times as great for bt-Ca. A convenient table comparing recombination in the two sexes was compiled in 1953 (Michie, 1955) ; the additional notes given here bring it up to date for linkage groups V and VI. Very little attention has so far been paid in the literature to age effects in the mouse. Nor does it appear to be generally realised that real effects of age and sex on recombination must be taken into account in the treatment of data for mapping purposes and in the study of interference.
The only balanced experiment large enough to show these effects is that reported by Fisher (i949b) . Here, the interval a-un shows a decrease in recombination value with increasing age; a stronger decrease is found in male gametogenesis than in female, but this difference is not found to be significant. The even larger experiment referred to by Fisher and Landauer (i) and Owen (1953a) , however, does not confirm this age effect (Owen and Darroch, unpublished) .
There is no easy explanation for this inconsistency, and further extensive data are needed. In running the present three-point experiment, it was hoped that some contribution on this subject might be forthcoming, and, towards the end of the work, matings which had already run for several months were allowed to continue as long as possible after the records were closed on completion of "balance ". The total number of progeny included in the data therefore exceeds the 1099 bred for" balance ", being 766 from female heterozygotes and 591 from male (table io).
The test of significance used in table io is that given by Fisher . In addition to the symbolism given in the table, we have q = S(a') /5(n), p = S(a) /5(n) S(txa') = A'; S(txa) = A; It is interesting to note that the only segment which shows a significant response to age (x2 = 52162 for i d.f.) is the one which also shows a significant response to sex, namely at-fi. This segment shows higher recombination in the female than in the male, but, while this value remains almost steady in females with advancing age, it increases in males with advancing age. Since one end of this segment, namely a-un, showed in one body of data (Fisher, i949b) , if not in the later body, a decrease for both sexes with advancing age, the reality of any age effect is very doubtful.
If the evidence for the segment at-fi is taken at face value it appears possible that there is a real response to age, but because the (1) offspring N R R.f. N R R.f. N R R.f.
(n) (a') (a) % (a') (a) % (a') (a) % 425 345
All recombinatjon fractions decrease with increase in age. None shows a significant trend.
Xote.-N = non-recombinants, R = recombinants.
B. Progeny from male heterozygotes
Age of parent (months)
.
4-5
5-6
. .
6-7
7-8
8-9
. All recombination fractions increase with increase in age. Only a1-fl shows a significant trend.
)iote.-N = non-recombinants, R = recombinants.
data is not distributed according to age in the same fashion in progeny from females as from males, the whole, or part, of the observed difference in the overall response to sex is only apparent. One interpretation of this latter situation is represented in fig. i , where straight regression lines have been fitted by eye to the observations given in fig. 2 . Support for this latter hypothesis is found in the fact that the mean age of the males is considerably lower than that for females, these being 5I726 and 58399 months respectively (mean age = S(t>< n)) The expected recombination fractions corresponding to S(n) these ages ( fig. i ) are 27 and 35 per cent. respectively ; that is, the hypothetical lines give at these ages a close approximation to the observed average values. However, an exact fit has not been calculated because it appears unlikely that the relation is, in fact, one of straight line regression. A curved line is often found to give a better fit to biological data of this sort. Moreover, if the relation is assumed to be what the observations more readily suggest, namely a U-shaped curve, some explanation may be found for the conflicting results so far obtained for the a-un segment. Fig. 2 shows the observed values for the a-un and atfi intervals at corresponding ages as found by Fisher, by Owen and Darroch, and by myself respectively. The data for nine months and over are included, but they are rather scanty in all the bodies of data and may therefore be unreliable. It is striking that while Fisher's observations for a-un give a good agreement with the assumption of a steady decrease, the recombination fractions at six months are higher than those for four months-as they are also in Owen's data for the same segment and my own for the a-fi segment. In fact, it is clear that, disregarding the data for nine months and over, a U-shaped curve would give a good fit.
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It is possible, therefore, that the whole segment a-fl shows a fall in recombination during the first four or five months, and a rise (though probably a shallow one) for the next few months. Conceivably the 7. fl-Sdsegment also shows averyslight responsewhich might be discernible in more extensive data. In fine, the degree of response of the whole chromosome may be different for different segments ; and there may -or may not-be a continuous rather than an abrupt change in degree throughout its length. At present one cannot say more than that the agouti end appears to respond more strongly than does the Sd end.
This age response may be more or less different as between male and female gametogenesis. If so, it is possible that the difference in mean age for the two sexes at which the three-point data are drawn gives an unreal magnitude to the difference in sex for a-fl as calculated without regard to age. The magnitude of the sex difference in the un-we-pa segments may also be inflated in this way; but since there is no appreciable sex difference for the a-un interval in either Fisher's or Owen's data, it seems likely that there is a real change in response to sex at about the un locus.
Finally, it is clear from fig. 2 that the assumption of a U-curve may resolve the apparent conflict in the data for the a-un segment the later data show a rise in the second " arm " of the curve (up to g months) more strongly than does the earlier, and thus does not reflect well the latter's overall decrease of recombination with age. Methods of fitting various curvilinear regressions to the observed recombination value, or to its corresponding value as obtained by angular transformation (such as that used by Fisher in 1949), will be elaborated when more extensive data are available.
At present, the significance of the age effect for a-fl is not large enough to warrant the labour of correcting for it in the estimation of recombination values and in the treatment of interference in male and female gametogenesis. It will, however, be assumed that there is a real sex difference, and data from male and female heterozygotes must accordingly be treated separately for mapping purposes. Provision is being made in the current five-point experiment for the distribution of data according to age to be as even as possible, and a more thorough examination of the effects of both age and sex on recombination will be made.
(v) The effect of age on the sex-ratio An interesting anomaly emerges from the data compiled for the effect of age on recombination. This is a change according to maternal age in the sex-ratio of offspring produced both by fidget mothers and by the aggregate of the four kinds of heterozygous mothers.
The data are divided into two parts : offspring from females of from two to ten months, and offspring from females of over ten months.
This arrangement is more a matter of convenience than of choice, for the data were not compiled specifically for an investigation of this sort. The numbers from mothers over ten months arc rather low, and it may be that if there were more data from the later ages and if they were divided according to the ages of the mother in months, a progressive change would be discernible. As they stand, the two bodies of data (A and B, table i r) give a subsignificant 2 for disproportionality between the two sex-ratios, the direction of this BALANCED LINKAGE EXPERIMENT IN THE MOUSE i disproportionality being the same in both cases; and these, when combined (C, table ii) give a significant x2 value.
Changes in the sex-ratio of inbred lines and of F1 from reciprocal crosses between them have been observed by Howard, McLaren, Michie, and Sander (i) ; they found a significant rise in the sexratio with increase in litter size ; this is interpreted as due to a greater vulnerability of the female fcetus over the male, resulting in a greater depletion of females where competition in utero is greatest. They found that parity has no effect. It seems unlikely that the rise in the sex-ratio of progeny from females over xo months observed in the present data, is correlated with an increase in litter size ; for general experience, and published work (cf. Murray, 1934) , indicate that litter size decreases from a maternal age of about eight months onwards the mean litter size for females over xo months old is therefore probably lower than that for younger females. The assumption of Howard et alii that the female sex is more subject to higher pre-natal mortality is, as they point out, in conflict with the views of several other workers : that the male sex is the more vulnerable is more harmonious with the present observations and with the assumption that intra-uterine competition is an important influence on the natal sex-ratio. On the other hand, the present observations may be more explicable in terms of parity than of litter size, a possibility which will be tested if the larger data from the five-point confirm the present findings.
INTERFERENCE AND MAPPING (i) Interference: some historical notes
The term "interference " was first coined by Muller (1916) . It may be defined as the influence of one crossover upon others in the ç2 242 same strand. Both cytological and genetic evidence shows that it is usually positive, i.e. the occurrence of one crossover tends to inhibit the occurrence of others near it.
It was evident as early as the second decade that interference varies from organism to organism and even from one segment of a chromosome to another. Several crude measures of the strength of interference were adopted, including that known as " coincidence ".
Although there was a verbal similarity between the various definitions of this term, it covered, during the next two decades, at least three different quantities. Stevens (1936) was responsible for defining it properly for the first time and for giving it concise mathematical formulation ; this can be expressed as follows the index C = I.Yl.Y2
where .Yi andy2 are the observed recombination fractions in segments i and 2, and z is the observed frequency of double recombinants, i.e. recombinants arising from two simultaneous crossovers in segments i and 2. Haldane's early attempts (1919) to include both multiple crossing-over and interference in the general theory of crossing-over, give C an approximate value ofi for segments of intermediate length, and assume a uniform degree of interference along the chromosome. But " coincidence " is not a very satisfactory measure since it depends on the size ofy1 andy2 and therefore cannot be constant.
Other theoretical work and practical application was done by several workers, notably by Jennings (1923) and by Anderson and Rhoades (ii) . But none of the mapping functions constructed by these authors was found to have more than a limited application, and it was not until 1944 that a relationship of more universal application and practical value was found. Kosambi put forward the functions x = tanh' y and y = tanh 2X, and the corresponding simple addition theorem fory -y1+y2 -_______ I +45j, Owen ('95°), following a suggestion made by Sir Ronald Fisher, has proposed the term "Kosambi coefficient ", for a value K comparable to the coincidence ratio C : unlike C, however, it can, on theoretical grounds, be expected to be constant for segments of any length. Its relation to C may be written K = G/2y1,, where )'1+2 is the observed recombination value over segments i and 2. The Kosambi relations are satisfied if, and only if, a certain intensity of interference operates uniformly over the total length of the linked segments.
Kosambi's mapping function has been found to give a good fit to many cases of three-and four-point data, including Haldane's 1919 data and Jodon's data (Bhat, 1950) . The Kosambi relation is not, however, completely satisfactory. Firstly, as has been pointed out, it assumes a certain uniform intensity of interference over the BALANCED LINKAGE EXPERIMENT IN THE MOUSE 243 length of the chromosome : it takes no account of the position of loci in relation to the centromere and terminus, both of which have been shown to affect the intensity. Secondly, it does not provide a complete theory of recombination, for it does not specify the frequencies of the modes of gamete formation for more than three loci simultaneously. And finally it sets an upper limit of 50 per cent, to recombination between any two linked loci. The importance of the first two defects is obvious : the third could not have become important unless cases of more than 50 per cent. recombination were shown convincingly to occur.
Further theoretical advance was not made until the half-century. It is true that Mather (1933 Mather ( , 2936 Mather ( and 1937 did much to fill the gaps in the cytological and genetic spheres, and he prepared a theory of serial formation of chiasmata based on Jennings' ideas (2923), which will be remembered as an important phase in the development of recombination theory. But no doubt a more elaborate formal analysis was not an attractive proposition so long as there was no genetical evidence which strikingly conflicted with current thought. Experimental data involving three or more loci, to which Kosambi's formul can be applied, have not been abundant nor very free from disturbance, and hence a sufficient number of cases which it has not fitted have been lacking. Moreover, although there have been reports of recombination exceeding o per cent.-Clausen (1926) in Viola, Wellensiek (1929a and b) in Pisuin, and Fisher and Mather (1936a, b) in mice-contemporary thought has judged them to have been either somewhat biassed or not sufficiently significant to be completely convincing. They also lack cytological confirmation. For values exceeding 50 per cent, require the occurrence of chromatid interference ; this involves a non-random relationship between the two strands exchanging material at one point and the two which exchange it at a second point. It alone provides the condition necessary for recombination exceeding 50 per cent., namely that the chance of a single strand being involved in an odd number of chiasmata is in excess of its chance of being involved in an even number. Cytological evidence on this point is very sparse and difficult to obtain ; as far as it goes, it supports only a mild degree of chromatid interference (Newcombe 1941 and Huskins and Neweombe 1941) .
It was the experiment with wavy,, shaker2 and sex (Wright, i4) which produced not only strong evidence for more than o per cent. recombination, but unusual mutual relationships between the three markers involved ; and this called for a more complex theory of interference than any currently accepted.
These data and the earlier data reported by Fisher and Mather (1936a, b) were unique in being, through careful design, almost completely free from disturbance through differential viability, and were therefore more convincing than earlier claims. Together they provided a stimulus, and the three-point data provided also a framework, for the further development of recombination theory. Fisher, influenced to some extent by Mather's concept of chiasma formation as a serial process, produced a new general theory of wide applicability (Fisher et al., 1947 , and Fisher, 1948 . These ideas were developed in greater detail by Owen (1949a Owen ( , b, 1950 Owen ( , 1951 Owen ( , 1952 Owen ( , 1953a ; he showed how finite lengths of chromosome arms may be taken into account, and indicated that recombination fractions exceeding 50 per cent. are characteristic of a wide range of intercept distribution functions provided interference is sufficiently strong.
These latest developments of the theory of recombination and the mathematical models which form an integral part of them now require suitable genetic material against which they can be tried, tested and perhaps modified. Owen (1948) has tested some of his models, using Drosophila data, and found good agreement for chromosomes H and III: the data as a whole give a completely convincing fit despite the failings already mentioned. Drosophila has certain genetic features dividing it rather sharply from the rest of the animal kingdom and from plants (such as the suppression of crossingover in the male), so that there is no a priori reason for expecting the same kinds and degrees of inter-ference in other organisms as are found in Drosophila. Further experiments of the kind here described, using a large range of organisms, are needed in order to provide the testing material for interference theory.
(ii) The detection of interference A simple test of the significance of interference between any two segments in multi-point data is a x2 test based on 2 >< 2 tables of the observed gametic output. In the present data, interference in both male and female gametogenesis is beyond doubt (table 12) .
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(iii) The measure of interference It has been stated that "coincidence" is a useful measure for obtaining an idea of the order of magnitude of interference ; it retains a place among related statistical tools, since it does not assume any theoretical intensity. Table i 3 gives estimates of the value of C obtained by the application of the formula C = z/y1y2 to the data as summarised in table 12. The value of is in all cases less than unity; hence interference is positive.
As Owen (1950) has shown, for short segments C is generally large near the centromere, and small near the terminus. However, it is also dependent on the length of the two segments compared, being lower for long segments : in the present case, therefore, it is unreliable as an indicator of the position of the centromere. Owen (i 953a) has indicated that the latter is probably " moderately distant" from the smaller segments a-un-we-pa. It is reasonable, therefore, to test the hypothesis that the larger segment a'-fi-Sd is roughly in mid-arm.
In this position, it may be expected to show interference at the Kosambi level. The measure K, which is analogous to C but is based on the particular degree of interference suggested by Kosambi, is equal to unity in mid-arm, and may be expected to rise near the centromere and fall near the terminus. A convenient way of testing the hypothesis of a Kosambi degree of interference is, therefore, to obtain an estimate of K and of its variance. The variance may be obtained by more than one method, a convenient one being available on testing the fit of a Kosambi map. In the present case, it is reasonable to expect a K value approximately equal to unity, and it is also instructive to obtain as reliable a map as current theory can supply. The procedure followed is, therefore, to fit a map for the observed frequencies of gamete formation assuming that K = i, to test the goodness of fit, and to calculate the exact value and variance of K.
The method of fitting a Kosambi map is an example of Fisher's scoring technique (1946) . The present particular application of it has been available for some six years as teaching material in the Cambridge Department of Genetics. Its publication in a practical form may be of general use. To fit a Kosambi map, trial recombination estimates are made, based on Kosambi's addition formula ; and then adjustments are calculated, using the Maximum Likelihood Method, so that the three It is convenient, in order to shorten the calculation, to use trial estimates as near the final ones as can be judged by inspection.
Empirical values for small segments are usually more accurate than those for large ones, so a convenient approximation to these may be taken as trial values. A good trial value for the largest segment is supplied by Kosambi's addition formula. We take atfl = = 035
The adjustments, 4y1 and y2, are calculated from the variances and scores related to changes my1 and2, as follows Provisional expectations (m0) for the four recombinant classes are made. These are based on the trial recombination estimates, and arc calculated from the identityy12 = y1 +y2-.y+2) ( The value for (2) is equal and opposite in sign to that for (12). The value for (i) = total, minus the value for (12), = 55O-I34Oo86 = 4159914.
The value for (o) is equal and opposite to that for (i).
The remaining values for d(log m0) /4y1 are obtained by dividing the values for dm5/qy1 for (o), (i), (2) M. E. WALLACE process as those for dm0/dy1 and d(log m0) /dy1 it must be remembered that for dm0/dy2 the value for (12) is equal and opposite to that for (i), and that for (2) is equal and opposite to that for (o).
From the computation are obtained by multiplying the entries in the fourth and fifth columns, and adding the products for all rows, and repeating the process for the fifth and sixth columns and the sixth and seventh.
The computation table also provides the scores, S1 and S2,
for the two adjustable variablesy1 andy2. These scores are found by multiplying the observations by the fifth and seventh columns. Then the equations of estimation are (table 16)   TABLE i6 Equations of estimation I -2)
Conversion of y into x can readily be made by interpolation in Table VII , p. 46, of Fisher and Yates (1953) , using the identities y = r and x = z. The corrected estimate of)1+2 is obtained by substituting the corrected))1 and)2 values in the expression L+2)I(' +4)1)2).
The fitted map is, then, as in table i 8   TABLE i8 The fitted map Adjustments (per cent.)
Corrected estimates (per cent.) Map distances
A test for the fit of a Kosambi map is given by x2 for the goodness of fit of the expectations (m1) with the observed values in the classes (o), (i), (2), (12) (usingy1* andy2* in place of)1 and)2 in the equations used to obtain m0), as follows (table 19) This x2 is, as expected, smaller than was obtained in the earlier test (table 14) . In both cases it is insignificant.
The value of K is derived from the formula K = (12) N2/2{(2) +(')} {() +(12)} {(') +(12)} = 31 X5502/2X248X197X113 = o84g3, The combined value of K is thus significantly different from unity, " being suggestive of a region towards the chromosome terminus or at least between mid-arm and the terminus. The segment agoutipallid is thus between 30-100 cM from the centromere according to what is assumed for the map length of the arm."
The several and combined values of K for the segment atSd are not significantly different from unity. The degree of interference may be said, here, to be on a Kosambi level, in contrast with the smaller portion atpa. The fact that the actual values are less than unity militates against the opinion that at_Sd encloses the centromere or at least that the centromere is only 30 cM from agouti-and favours the view that the centromere is beyond Sd.
However, the data are not entirely inconsistent with the location of the centromere between .fi and Sd, a position favoured by affinity studies (Michie, 1953 Wallace, 1953) , for it is very probable that a'-Sd is nearer the centromere than a-pa, and a chromosome arm of 6o cM is the average that may be expected on the basis of chiasmata counts. A brief account of the evidence from affinity studies for the position of the centromere in chromosome V has been given (Wallace, 1954c and , and a fuller account will be given shortly with some discussion (\Vallace 1958.) More accurate mapping of the centromere by means other than affinity data may be hoped for from the five-point Ra-at-we-fl-Sd, which should give a K value based on homogeneous data for each of the overlapping triple segments Ra-we, al-fl and we-Sd.
It is not unlikely that the results of this experiment, and of those with other linkage groups now in progress, together with affinity studies will call for, and make possible, some refinements of the current theory of interference. The loci agouti (A), fidget (fi), and Danforth's short tail (Sd) were chosen to demonstrate the use of balance in eliminating disturbance to linkage due to differential viability. Some 1099 progeny were bred.
An analysis of viability relations shows that, despite the low survival rates of fidget and Danforth's short tail (72 and 8o per cent. respectively), there is no appreciable disturbance of linkage either in the data from male or in that from female heterozygotes. There is subsignificant evidence for a kind of position effect apparent as heterogeneity in the survival ratios from the four types of female heterozygote.
Changes in the recombination values in response to both sex and age are examined. Recombination in the segment A-fl is significantly higher in females than in males ; in the segment fl-Sd, there is a subsignificant difference in the opposite direction. There is a significant increase in recombination in males in the A-fl segment with advancing age, but no appreciable change in females.
These observations, when compared with those for the agoutiundulated-wellhaarig-pallid (A-un-we-pa) segments of the same chromosome, reveal a rather complex situation. A simple explanation is offered, but further data, of the kind now being produced with five loci in this linkage-group, are needed before its full applicability may be ascertained.
An incidental anomaly is briefly discussed, namely a rise in the sex-ratio with increase in maternal age.
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The three-point analysis discloses significant interference. The Kosambi values (K) are: o7I13±o 1729 for male gametogenesis, and o8493+o•I584 for female. As these values are not significantly less than unity, it may be supposed that interference is at a Kosambi level, and a map is fitted accordingly for the separate and combined data. A method of fitting Kosambi maps, based on Fisher's scoring technique, is demonstrated.
A K value of unity may be expected for segments in mid-arm.
The three-point values thus agree with the supposition that the whole segment A-Sd excludes both centromere and terminus. They do not, however, preclude the possibility, for which other data for the smaller sections of this region provide some support, that the centromere is between fidget and short tail. This hypothesis is favoured by "affinity" studies.
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APPENDIX TABLE s The frequencies of all genotypes from the three-point backcross In the description of each genotype, which runs vertically, the symbol a' stands for the agouti allele used as the dominant and a for that used as the recessive : the particular alleles used in each case can be seen from the genotype of the heterozygous parent given in the left-hand margin. The total x5 for unequal viability within complementary pairs is the sum of the deviation 1 values and is 437271 for 4 d.f. Probability is <oooi.
